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ARTICLE INFO ABSTRACT

Keywords: This article investigates the intercalation of carbamide within globular glauconite involving the chemical acti-
Glauconite vation of glauconite with carbamide solution-gel at varying concentrations of total nitrogen (N). Mineral
Cf’rbamid'e . nanocomposites were prepared with a multitude of novel functions. As the N concentration of the initial solution
I(\;I;:]fﬁirs] intercalation increased, the proportion of intercalated N enhanced to 8%. A 20% of N concentration in carbamide solution
Potassium maximizes intercalation. Intercalation occurs in the interlayer of smectite layers (micropores) in glauconite. In

nanocomposites, the decrease in specific surface space, total volume pores, and average pore size reflect the
absorption of carbamide in meso- and macropores of glauconite globules. Glauconite nanocomposites retain a
spherical particle morphology and a distinct microlayer close to the surface. The increased proportion of nitrogen
in the microlayers close to the surface indicates a high filtration capacity of the globules. The near-surface
microlayer serves as a diffusion channel for the glauconite interior, where new substances are absorbed in the
micro- (interlayer) and macropores. The stepwise kinetics of nutrient release, which supports the various forms
of carbamide absorption in glauconite, distinguishes the nanocomposites. In addition to N-compounds, glauco-
nite nanocomposites are mineral sources of the available potassium (K) in soils. As a result, chemically manu-
factured glauconite nanocomposites have some following advantages: the micro-granular mineral form, a
permeable inner near-surface microlayer, incubated in micro-, meso-, and macropores N-compounds, and the
available K.

Slow-release fertiliser

1. Introduction environment cause harm through denitrification, and greenhouse effects

cause the eutrophication of water bodies (Akiyama et al., 2010; IPCC,

The agro-industry requires controlled-release fertilisers (CRFs) to
increase efficiency and environmental safety (Sharma, 1979; Trenkel,
1997; Jariwala et al., 2022; Duan et al., 2023). Controlled-release fer-
tilisers deliver nutrients to plants with prolonged effects to prevent
nutrient loss and excessive accumulation in soils, surface water, and
groundwater (Oertli, 1980; Trenkel, 2010; Ni et al., 2011; Chen et al.,
2017). Nitrogen accumulation is frequently observed with traditional
fertilisers, such as urea, ammonium nitrate, and ammonium sulfate
(Alrbaihat, 2023). Nitrogen nutrients remaining in the agro-land

* Corresponding author at: Tomsk Polytechnic University, 634050 Tomsk, Russia.

2014; Obieze et al., 2019; Xiao et al., 2019). Controlled-release fertil-
isers aim to reduce environmental risks while simultaneously improving
crop yield and quality (Mala et al., 2017; Pereira et al., 2017; Fu et al.,
2018; Liu et al., 2023). Given the projected population growth that will
require a healthy diet, it is crucial to the global challenge (Tilman et al.,
2002; Pretty et al., 2010).

CRFs are based on technologies and the creation of principal com-
ponents (Fu et al., 2018; Lawrencia et al., 2021; Liu et al., 2022; Duan
et al.,, 2023). Technologies for creating CRFs are categorised into
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chemical (Chen et al., 2017; Rashid et al., 2021), mechanical (Singla
et al., 2020; Zhao et al., 2020; Salimi et al., 2021; Rudmin et al., 2022b)
and mechanochemical (Solihin et al., 2011; Borges et al., 2017, 2018,
2022; Said et al., 2018; Rudmin et al., 2019; Alrbaihat et al., 2021, 2022;
De Oliveira et al., 2021; AlShamaileh et al., 2022) methods. A key
component of CRFs is inhibitor substances or containers whose function
is to deliver targeted nutrients to plants (Rahman et al., 2021). Inhibitors
can be polymeric (Gonzalez et al., 2015; Pereira et al., 2015) or organo-
polymeric substances (Gonzalez et al., 2015; Liu et al., 2019; Pogorzelski
et al., 2020; Elkhlifi et al., 2021; Komariah et al., 2022; Wang et al.,
2022) and various minerals (Hussien et al., 2012; Rashidzadeh and
Olad, 2014; Puspita et al., 2017; Borges et al., 2018; Sharma et al.,
2021). Among the minerals of primary interest are layered silicates such
as smectites (Wu et al., 2003; Abramova et al., 2007; Kim et al., 2011;
Borges et al., 2017; Golbashy et al., 2017; Hermida and Agustian, 2019;
Rudmin et al., 2022b), kaolinite (Solihin et al., 2011; Hussien et al.,
2012; Borges et al., 2015, 2017; Lei et al., 2018; Al-Rawajfeh et al.,
2019; Alrbaihat et al., 2021), vermiculite (Mortland et al., 1963; De
Oliveira et al., 2021), and glauconite (Rudmin et al., 2019, 2020b,
2022a).

Glauconite is of particular interest to the agricultural industry
because it is an independent potassium mineral fertiliser (Karimi et al.,
2012; Franzosi et al., 2014; Santos et al., 2016; Shekhar et al., 2017; Oze
et al., 2019; Hamed and Abdelhafez, 2020; Praveen et al., 2020).
Glauconite is a dioctahedral potassium-containing iron-rich phyllosili-
cate of the 2:1 interlayer deficient mica group (Bailey, 1980; Odom,
1984; Rieder et al., 1988; Drits, 1997; Guggenheim et al., 2007; V.A.
Drits et al., 2010a). Soils containing glauconite have long been known to
increase fertility (Mansfield, 1919; McRae, 1972). Subsequently, the
influence of glauconite on soil fertility found an explanation in the ion
exchange, moisture-holding abilities of the mineral, and its naturally
granular morphology (Heckman and Tedrow, 2004; Hamed and
Abdelhafez, 2020; Rudmin et al., 2020a; Syrchina et al., 2022; Basak
et al., 2023). Glauconite almost always contains some smectite layers,
depending on the mature of the mineral (Odin and Matter, 1981;
Amorosi et al., 2007; V.A. Drits et al., 2010a; Huggett, 2013; Zviagina
etal., 2017). The incubation capacity of glauconite is virtually unstudied
in contrast to smectite. Several recent studies have reported the inter-
calation of nitrogen substances with glauconite, resulting in fertilisers
with improved positive effects on plant growth and development
(Rudmin et al., 2019, 2020b, 2022a). All previous studies used me-
chanical activation of glauconite using planetary or ring mills to achieve
nitrogen intercalation into mineral particles (Rudmin et al., 2022a).
Technological methods for creating glauconite-nitrogen composite fer-
tilisers by activation in a planetary or ring mill (Rudmin et al., 2019,
2020b, 2022a) with the selection of various mineral to urea ratios: 3:1,
1:1, and 2:3 have been reported.

This work aims to comprehensively study the intercalation of ni-
trogen compounds in globular glauconite during interaction with urea
solution to develop effective nanocomposite fertilisers. In this investi-
gation, experiments with stepwise and detailed changes in globular
glauconite-carbamide ratios are conducted to evaluate factors for the
intercalation of nitrogen compounds into the mineral interlayer.

2. Materials and methods
2.1. Minerals and materials

This study used glauconite from the Karin deposit in Russia. The
glauconite concentrate, which involves the activation process, consists
of about 85% glauconite and 15% quartz and feldspars. The carbamide
(CH4N20) solution gel (Terra Master Ltd., Russia) comprises >25% of
nitrogen.
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2.2. Chemical and mechanochemical preparation of nanocomposites

All experiments used the globular glauconite concentrate as a po-
tential inhibitor of nitrogen release and a carbamide solution gel as a
filling nutrient. The preparation of nanocomposites based on glauconite
and carbamide was produced by chemical activation. The chemical
method impregnates the globular glauconite fraction in the carbamide
solutions with nitrogen concentrations of 20 / 10 / 5 mol% for 48 h until
a dry state is reached. The finalised nanocomposites were called
Gko80ON20, Gko90N10, and Gko95NO5, respectively. The nitrogen
concentration in the solution was achieved by diluting the carbamide gel
solution in distilled water.

2.3. Characterisation of nanocomposites

Characteristics of the prepared nanocomposites were studied using
X-ray diffraction (XRD), scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDS), transmission electron micro-
scopy (TEM) with selected area electron diffraction (SAED), Fourier
transform infrared spectroscopy (FTIR), differential thermal analysis
(thermo-gravimetric analysis and differential scanning calorimetry, TG-
DSC) with a quadrupole mass spectrometer and Brunauer-Emmett—
Teller (BET).

Structural modifications of glauconite were examined before and
after activation of nanocomposites. The mineralogy of randomly ori-
ented nanocomposites was determined using a Bruker D2 Phase X-ray
diffractometer (Billerica, MA, USA) with Cu-Ka radiation at a current of
10 mA and a voltage of 30 kV. A fraction of the composites with <10 pm
size was scanned from 4° to 50° 260, with a step size of 0.02° at a scanning
rate of 1.5 s, divergence slit of 1 mm, the anti-scatter slit of 3 mm, and
receiving slit of 0.3 mm. Additionally, the clay fraction (<2 pm) of all
composites and the initial fraction was divided out by disaggregation,
followed by preparing aqueous suspensions in distilled water, sedi-
mentation over 8-16 h and air drying onto glass slides. Each sample was
measured in the air-dried state following placement in a desiccator for
24 h at ~60 °C. Original glauconite was scanning in the ethylene-glycol
solvated state. Glauconite and smectite were determined according to
the procedures described in (Moore and Reynolds Jr., 1997) and (Hillier,
2003). Quantitative mineralogical analysis of the whole rock data was
achieved using Rietveld analysis (Bish and Post, 1993) with PDXL and
Siroquant software (Taylor, 1991).

The unit structures and interlayers of glauconite crystallites were
studied by JEOL JEM-2100F transmission electron microscopy (TEM) at
the Center for Sharing Use “Nanomaterials and Nanotechnologies” of
Tomsk Polytechnic University. TEM images were captured in the
transmission mode. A drop of nanocomposite suspension was allowed to
dry on a copper grid (300 mesh, 3.05 mm in diameter) coated with
carbon film before examining it with TEM operated at 200 kV. TEM
images were taken at sufficiently thin regions of the specimen.

The FTIR spectra of the nanocomposites were obtained between
4000 and 400 1/cm using an FTIR spectrometer (Shimadzu FTIR 84008,
Kyoto, Japan) with a temperature-controlled high-sensitivity detector
(DLATGS) from KBr pellets with a resolution of 4 1/cm to identify the
chemical bond functional groups in the prepared nanocomposites.

Thermo-gravimetric and differential scanning calorimetry (TG-DSC)
curves of nanocomposites were obtained at temperatures from 30 to
1000 °C using an inert argon atmosphere (flow rate 50 ml per minute)
with a heating rate of 10 °C/min on a STA 449 F5 Jupiter microthermal
analyser (NETZSCH, Germany) to calculate the weight ratio of in-
tercalations of different phases and to study the thermal degradation.

The TG-DSC analysis was coupled (by a transfer line heated to
250 °C) to a Netzsch TA Quadrupole Mass Spectrometer (QMS) 403C
Aeolos for simultaneous detection and quantification of the evolved
gases. The analyser was calibrated immediately before experimentation.
In addition, a buoyancy baseline calibration was also completed. The
mass spectrometer (MS) was operated in electron impact ionisation
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mode, with ion monitoring for the mass-to-charge (m/z) ratios from 1 to
50.

The nanocomposites were analysed under TESCAN VEGA 3 SBU
scanning electron microscope (Brno, Czech Republic), operating at
10-20 kV accelerating voltage, specimen current of 3-12.2 nA, and a
spot diameter of ~2 pm.

Elemental analysis was performed in local areas (more than ten sites)
of 3 pm? under high vacuum conditions for each carbon-coated nano-
composite by OXFORD X-Max 50 energy-dispersive adapter (High
Wycombe, UK), adapting with scanning electron microscope. Samples
were studied at 20 kV accelerating voltage and specimen current of 12.2
nA. Elemental composition data was gathered for 120 s or until the
signal achieved stability, and a distinct distribution pattern was estab-
lished. The data were then subjected to processing using the sophisti-
cated Oxford Aztec software.

The Brunauer-Emmett-Teller (BET) method was used to measure the
specific surface of the samples using a 3P sync 210 adsorption-specific
surface and porosity analyser (Ribori Instrumentation, Germany). The
samples were dried at 125 °C for 2 h and degassed in a vacuum for 12 h
at 250 °C before the surface space was determined at —196 °C in the
range of relative pressures from 0.05 to 0.3. The researchers also
determined the average pore size and total pore volume by N2
adsorption-desorption isotherms.

2.4. Soil leaching experiments

To conduct the leaching experiment, dry sandy soil with pH of 5.3
weighing 80 g was mixed with nanocomposites. The nanocomposites
were added at a dose equivalent to 380 mg N/kg or 250 mg K/kg of dry
soil. The soil mixture was then filled into a PVC tube with a mesh bottom
(100 mesh), having an inner diameter of 7 cm and a height of 25 cm. The
bottom of the column was modified to accommodate a piece of filter
paper (Whatman #42) to collect the leachate. A PVC plug with multiple
small holes was installed on the bottom wall to prevent soil loss from the
column. The experiment was conducted with three repetitions for each
product tested, each set of these repetitions being designated as a “plot.”

Throughout the experiment, the soil moisture level was maintained
at 75%. At regular intervals (1, 4, 7, 14, 21, 28, 42, and 56 days), 200 ml
of deionized water was added slowly to each soil column, and the
leached solutions (filtrates) were collected in 50 ml conical flasks.
Immediately after collection, the pH, potassium (K'), ammonium
(NHJ), and nitrate (NO3) concentrations were determined using the
ionometric method. The final plot values were calculated as the average
of three replicates. Additionally, the cumulative release curves for po-
tassium (K1), ammonium (NHZ), and nitrate (NO3) were computed.

Statistical analysis of the results was conducted using Microsoft Excel
365. The values were calculated as arithmetic means with standard
deviations. To determine significant differences between experiments,
the least significant difference (LSD) test at the 0.05 probability level
was performed following analyses of variance, which were also followed
by the LSD.

3. Results
3.1. Structural characterisations of nanocomposites

X-ray diffractograms of activated nanocomposites (Fig. 1) show basal
reflexes of glauconite, carbamide, and quartz impurity. In contrast to the
original glauconite, the diffractograms of activated nanocomposites
show a new basal reflex 001 relevant to the inter-planar distance of
expanding smectite layers in glauconite at 15.6 A, 15.7 A and 17.0 A for
nanocomposites Gko95N05, Gko90N10, and Gko80ON20, respectively.
The first basal maximum increased as the ammonium concentration in
the solution and glauconite concentration increased. The diffractogram
of the Gko80N20 nanocomposite is determined by the presence of re-
flexes at 4.0, 3.6, 3.2, 3.0, 2.8, 2.5, 2.2, and 1.8 108, which are relevant to

Applied Clay Science 243 (2023) 107075

—— Gko80N20
Gko90N10
Gko95N05

——glauconite

NE

(T[T} 5
LT

o<t <
NN== O

-Sme
-Sme
- 4.26 A
C
3.34AQz

25 35 40 45 50

0 5 10 15 20
2-Theta (degrees)

Fig. 1. X-ray patterns of activated nanocomposites and the initial glauconite
concentrate. C — carbamide, Glt — glauconite, Glt-Sme — glauconite-smectite, Qz
— quartz.

adsorbed carbamide. Glauconite has basal reflexes at 10.0, 4.5, 2.6,
2.45,2.25, 2.1, and 2.0 A.

The images with a high resolution (Fig. 2) and patterns of local
electron diffraction reveal glauconite nanocomposite particles with
enlarged crystal packages. Particles in nanocomposites are typically
characterised by an increase of one or two layers of four or five dio-
ctahedral layers (Fig. 2 F). The average interlayer thickness in the
original glauconite ranges from 1.9 to 2.7 nm (Fig. 2 C) to 2.2-3.9 nm
(Fig. 2 F) in the Gko80N20 nanocomposite.

The IR spectra of the activated nanocomposites (Fig. 3) differ near
strain vibrations at 1155, 1452-1462, 1600, 1624, 1680, 3342, and
3442 1/cm. All nanocomposites keep glauconite following vibrations:
Si—O at 700, 775, 794, and 1020 1/cm in tetrahedral positions,
Fe"OHFe!™ and MgOHFe' in octahedral positions at 3522 and 3564 1/
cm, respectively (Victor A. Drits et al., 2010b; Zviagina et al., 2017). As
the fraction of carbamide increases when activated with glauconite, the
sharpness of the NH, peaks at 1155 and 3442 1/cm, and the NH peaks at
1680 and 3342 1/cm increases. Further, the Gko80N20 nanocomposite
exhibits a 1600 1/cm peak relevant to the CO oscillations of absorbed
carbamide.

3.2. Composition of nanocomposites

According to EDS analysis, the initial chemical composition of
glauconite is the following: 6.8-9.4 wt% K0, 18.1-32.9 wt% Fe;O3
(total), 50.2-58.2 wt% SiO,, 3.8-11.8 wt% Al»03, 2.9-4.7 wt% MgO,
0.4-0.6 wt% CaO, 0.3-0.4 wt% Na,O and 1.7-4.5 wt% LOI (loss on
ignition). The crystal-chemical formula is: Kgg_0.8(Alg_0.7Mg0.3-0.5
Fep.9-1.7)1.6-2.0(Si3.5-3.8Al0.2-0.6)010(OH)2nH0.

The XRD spectrum of air-dried clay fraction of initial glauconite
displays a higher-spacing reflection for glauconite (~12.6 A) according
to the 001 basal peaks. The 001 basal reflection splits into various peaks
after ethylene-glycol saturation, with the highest intensity at ~10.0 A
and ~ 18.6 A corresponding to a glauconite-smectite mixed layer. XRD
patterns of oriented samples evidence the presence of the expanded
smectite phase around 5-10%.

The DSC curve of glauconite has one low acute endothermic effect at
571 °C and one gentle endothermic effect at 122 °C, relevant to quartz
admixture and low the process of oxidation of the mineral. In addition,
Glauconite is characterised by two flat exothermic effects at 83 and
800 °C, which handle the removal of physically bound water and
dehydration of crystal lattice. Thus, the initial glauconite is charac-
terised by four weight loss intervals of 0-110, 110-185, 185-325,
325-590, and 590-100 °C, which relevant to the removal of physically
bound water by 0.2 wt%, adsorbed macroporous water by 1. 0 wt%,
absorbed mesopore water by 0.6 wt%, interlayer micropore water by
2.4 wt%, and dehydration of dioctahedral crystal meshes by 0.6 wt%,
respectively.

The chemical composition of activated glauconite nanocomposites
has low differences from the original glauconite. In nanocomposites on
glauconite flakes, nitrogen is fixed with the contents up to 1.5%,
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Fig. 2. High-resolution transmission electron microscope images and local electron diffraction patterns (A-C) of the original glauconite and (D—F) of the activated
nanocomposite. The maximum magnification image (F) shows a change in the structure of smectite layers in glauconite in the nanocomposite because of the
expansion of the interlayer space and crystal package. Glt — glauconite crystalline layers, Glt-Sme — smectite layers in glauconite, act-Sme — nitrogen intercalated in
smectite layers of glauconite; t — tetrahedral sheet, o — octahedral sheet, int — interlayer space.
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Fig. 3. IR spectra of activated nanocomposites and original glauconite. The sharpness of the 1155 (NH), 1680 (NH), 3342 (NH), and 3442 (NH,) 1/cm peaks

increases as the proportion of carbamide in reacted solution increases.

0.9-1.5%, and 1.5-4.5% in Gko95N05, Gko90N10, and Gko8ON20,
respectively. The content of basic oxides remains stable except for the
absence of admixture of Ca and Na on mineral particles.

The DSC curves (Fig. 4A) of nanocomposites Gko95NO05 and
Gko90N10 show hollow endotherms at 190 and 184 °C, respectively.
The Gko80N20 nanocomposite exhibits two acute endothermic effects
and one hollow endothermic effect at 134, 188, and 360 °C, respectively,
and four hollows exothermic effects at 122, 153 °C, 290, and 650 °C. At
134 °C, the first acute endothermic effect highlights the melting of
carbamide. The second endothermic effect at 184-190 °C relevant to the
volatilisation of carbamide, specifically NH3 and CO2, which is relevant
to the absorbed part of the substances added to the mineral. The mild
endothermic effect at 360 °C proves the degradation of polymerised part
of carbamide. Also, in all nanocomposites, the endothermic effect at
571 °C is preserved, showing a low admixture of quartz.

The TG curves of the nanocomposites (Fig. 4 A) show five major
weight loss stages characteristic of glauconite (Table 1): 0-110,
110-185, 185-325, 325-590, 590-1000 °C. The first interval of
0-110 °C is the removal of physically bound water from the mineral at
0.1-0.2 wt%. The second interval, 110-185 °C, is associated with the
removal of water and carbamide products (NH3 and CO3) from the
macropore space of the nanocomposites (Fig. 4 B—D). The weight loss in
the second interval is 0.7-3.3 wt%. The third interval, 185-325 °C,
covers the release of mesopore water and many carbamide decomposi-
tion products, including the following (in order of decreasing ion-
current signal intensity): NHs, CO,, HNCO™, CO™, NH', NO*, (Fig. 4
B—D). The weight loss between 185 and 325 °C is 2.1-10.6 wt%. The
fourth stage of weight loss is 325-590 °C, in which the weight loss of
nanocomposites varies from 2.5 to 8.0%. This stage is associated with
removing water and carbamide decomposition products, mainly from
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Fig. 4. (A) TGA (solid lines) and DSC curves (dashed lines) of prepared nanocomposites and original glauconite. (B) Selected representative MS multiple ion
detection curves (m/z = 15 (NH"), 17 (NH3), 28 (CO™), 30 (NO™), 43 (HNCO™), 44 (CO5).

Table 1

Weight losses of glauconite-carbamide nanocomposites and glauconite according to TG analysis.

Nanocomposites Weight loss intervals (°C)
0-100 100-185 185-325 325-590 590-1000
Gko95NO5 99.9 99.1 97.0 94.4 93.8
) Gko90N10 99.9 98.9 95.1 92.3 91.7
0,
Weight loss (%) Gko8ON20 99.9 9.5 86.0 77.9 76.9
Glauconite 99.8 98.8 98.2 95.8 95.2
Gko95NO5 0.1 0.7 2.1 2.5 0.7
. ) Gko9ON10 0.1 1.0 3.8 2.8 0.6
0
Final residue (%) Gko8ON20 0.1 33 10.6 8.0 11
Glauconite 0.2 1.0 0.6 2.4 0.6

the interlayer space of the mineral. This interval recorded the second
peak of NOT release in all nanocomposites (Fig. 4 B—D). In the
Gko80N20 nanocomposite (Fig. 4 B) the release of CO;, CO, HNCO,
NO™, NH' additionally observed. This shows an excessive amount of
carbamide in the nanocomposites. In the fifth stage, 590-1000 °C weight
loss is 0.6-1.1%, relating to the dehydration of glauconite crystal meshes
in nanocomposites.

3.3. Morphology of nanocomposites

The original glauconite and the activated nanocomposites are glob-
ular in grain size, ranging from 50 to 250 pym in length (Fig. 5). The
internal morphological structure of the globules presented by chaoti-
cally oriented microscales with sinuous outlines ranging in size from 0.5

to 2 pm to 4-5 pm in length. The parallel orientation of ultra-micro
aggregates that are orthogonal to the surface is one of the characteris-
tics that separates the near-surface layer of glauconite globules. In
addition, these microlayers of nanocomposites (Fig. 5 A-D) are differed
by an increased amount of nitrogen relative to the core (internal) part of
globules.

The specific surface space, pore volume, and average pore size of the
original globular glauconite are 41.2 m?/g, 0.064 cm®/g, and 8.9 nm,
respectively. The specific surface space in nanocomposites (Table 2)
decreases as the carbamide fraction during activation increases from
37.9 m?/g in Gko95N05 to 23.8 m?/g in Gko8ON20. Simultaneously, the
average pore volume decreases from 0.061 cm®/g to 0.036 cm®/g. The
average pore size also decreases to 4.1 nm in the nanocomposite
Gko80N20.
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Fig. 5. SEM images in a secondary electron detector showing different morphological features of the nanocomposites (A — Gko95N05, B — Gko90N10, C — Gko80ON20)
and the original glauconite (D) with EDS spectra in the near-surface microlayers of globules (blue spectra) and in the core part of globules (green spectra). It showed
an overview image of the globular fraction of each sample in the lower right corner. The red square is the local accumulation space of the relevant spectrum. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
The specific surface area, total pore volume, and average pore size in nano-
composites according to the BET analysis.

Nanocomposites  Surface area Total pore volume Average pore
(m%/g) (em®/g) diameter (nm)
Gko80ON20 23.8 0.036 4.1
Gko90ON10 33.2 0.055 6.2
Gko95N05 37.9 0.061 6.4
Glauconite 41.2 0.064 8.9

3.4. Release nutrients from nanocomposites

The laboratory tests yielded different characterisations of the
leaching kinetics of ammonium, nitrate, and potassium from nano-
composite cells. Ammonium (Fig. 6 A) has two stages of peak release:
days 1-7 and days 21-28. From day 7 to day 21, slow-released ammo-
nium. Therefore, after day 28, the ammonium leaching kinetics are slow

and prolonged. Nitrates have relatively high release kinetics in the first
seven days (Fig. 6 B), after which they leach minimal amounts to
0.2-0.3 mg between day 7 and day 56. The kinetics of potassium release
from the nanocomposites (Fig. 6 C) have four key steps, which differ
from the kinetics of potassium leaching from the control cell. The first
stage up to day 7 corresponds to a high release rate, the second from day
7 to day 28 has a relatively slow rate, the third from day 28 to day 43 has
a maximum release rate, and the fourth from day 43 has a slow kinetics.

4. Discussion

4.1. Structural and morphological features of glauconite-carbamide
nanocomposites

Intercalation of beneficial substances within the interlayer space of
glauconite is a primary focus in creating effective nanocomposites based
on layered minerals. Nitrogen intercalation in glauconite (Rudmin et al.,
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Fig. 6. Cumulative release plots of ammonium (A), nitrate (B), and potassium (C) from nanocomposites compared to a control cell without nanocomposites from
laboratory tests. Dashes show minimum and maximum cumulative values. The statistical significance of every parameter indicates at the p = 0.05 level. Error bars

represent standard deviations.

2019, 2020b, 2022a), smectite (Kim et al., 2011; Golbashy et al., 2017;
Dou and Xie, 2022; Rudmin et al., 2022b; Rukchonlatee and Sir-
iphannon, 2023) or kaolinite (Rutkai et al., 2009; Mako et al., 2019) was
studied with initial destruction of the aggregated (including globular for
glauconite) form of the mineral by mechanochemical preparation. What
makes this study different is the use of the globular form of glauconite to
trace the possible incorporation of carbamide into the interlayer spaces
(micropores) during the mineral-solution interaction. That is an almost
natural process of glauconite functioning, which that realised by adding
of globular glauconite concentrate on the solution-gel carbamide.

In activated nanocomposites, the fraction of intercalated nitrogen
mixtures is evaluated by the first basal XRD reflex shift to 15.6-17.0 A
(Fig. 1), the linear dimensions of inter-planar distance expansion on
TEM images (Fig. 2), and the weight loss in the temperature range
325-590 °C with fixation of nitrogen compound release by TG-DSC-MS
data (Fig. 4). As the nitrogen concentration in the reacted solution
increased relative to the fraction of glauconite concentrate from 5 to 20
mol%, the intercalated portion of the nutrients increased from 2.5%
(Gko95N05 nanocomposite) to 8.0% (Gko80N20 nanocomposite). The
maximum intercalated portion does not exceed the proportion of the
smectite layers in the glauconite package, showing the intercalating
ability of the inter-planar spaces of the smectite phases specifically (Kim
et al., 2011; Lopez-Quir6s et al., 2020; Rudmin et al., 2020b, 2022a).
Perhaps, because of ionic exchange between ammonium and solvate
water, sodium, and calcium of the original mineral. As a result, calcium
and sodium are practically not fixed in the nanocomposites, with a
sustained proportion of the major elements (Si, Al, Fe, Mg, K) relative to
the original mineral. Thus, the intercalating ability of glauconite is

determined by the number of smectite layers in its composition by the
degree of its discreteness (Rieder et al., 1988; V.A. Drits et al., 2010a;
Ivanovskaya et al., 2017) or maturity (Odin and Matter, 1981), as
determined by geological conditions of deposit formation (Amorosi
et al., 2007; Banerjee et al., 2012; Lopez-Quirds et al., 2019).

Absorbed nitrogen compounds in the meso- and macropores are
identified by IR peaks (Fig. 3) 1155 (NH3), 1680 (NH), 3342 (NH), and
3442 (NHz) 1/cm, mass losses between 100 and 185 °C (macropores)
and 185-325 °C (mesopores) with detection of NH3 and CO5 ions and
NH3, CO,, HNCO™, CO*, NHT, NO™, respectively (Fig. 4). The meso- and
macro-pore filling is confirmed by a gradual decrease in the total pore
volume from 0.064 cm>/g in the original globular glauconite to 0.036
cm3/g in the Gko80N20 nanocomposite and the average pore diameter
from 8.9 nm to 4.1 nm. The specific surface progressively decreases the
fraction of nitrogen in the initial solution increases.

A distinctive near-surface microlayer in glauconite globules (Fig. 5),
presented simultaneously with oriented microscales, is a positive
morphological feature of the mineral. The increased fraction of nitrogen
in the near-surface microlayers shows its increased filtration capacity. It
assumed that carbamide is absorbed into glauconite globules primarily
because of the functioning of this solution-conducting microlayers and
next penetrates the globule core. In the core part, intercalation of ni-
trogen compounds into the interlayer space of smectite layers of glau-
conite packages and absorption in the mesopore space occurs. The
increased fraction of nitrogen in the near-surface microlayer relative to
the core part with chaotically oriented flakes shows better intensive
absorption occurs in the near-surface microlayer of globules, probably
because of the presence of macropores.
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4.2. Nutrient releases of glauconite-carbamide nanocomposites

The nutrient releases (ammonium, nitrate, and potassium) show a
stepwise kinetic related to their interaction with the mineral (Fig. 6).
The stepwise kinetics of nutrient leaching demonstrate their various
presence in the nanocomposites. It assumed that easily available forms
are associated with adsorbed substances in macropores, which are
removed from nanocomposites in the first stages from day 1 to day 21 or
from day 1 to day 7, corresponding to ammonium and nitrate, respec-
tively. Then there is a mobilisation of absorbed ammonium from the
mesopore space in the stage from the 21st to the 28th day. On the 28th
day of nanocomposite activity in the soil, it removed the intercalated
ammonium from the interlayer space of the mineral. The stepwise ki-
netics of the nutrient releases, especially ammonium and potassium,
confirm the double positive function of layered glauconite in nano-
composites like both an ammonium inhibitor and a source of potassium.

Studies of mixtures based on urea or mono-ammonium phosphate
and minerals revealed similar results relating to slow ammonium release
due to glauconite (Rudmin et al., 2022a), smectite (Pereira et al., 2015;
Golbashy et al., 2017; Baldanza et al., 2018; Gu et al., 2019; Hermida
and Agustian, 2019; Silva et al., 2020; Rudmin et al., 2022b), kaolinite
(Borges et al., 2015; Al-Rawajfeh et al., 2019), vermiculite (De Oliveira
et al., 2021), or zeolite (Ahmad et al., 2021). Mechanical activation of
glauconite-urea mixtures achieved a two-step release of ammonium and
nitrate from the nanocomposites (Rudmin et al., 2022a). Another
example with a mixture of urea with zeolites which also released
ammonium in the first week and nitrates in the first days in a podzolic
soil (Ahmad et al., 2021), with a mixture of smectite-urea, ammonium
maximum is leached in the first 7-10 days (Pereira et al., 2017).

The mineral nanocomposites obtained by chemical activation of
globular glauconite with carbamide have several advantages: they keep
a micro-granular mineral form, have a diffusive inner microlayer,
incubate nitrogen substances in micro-, meso- and macropores, and
serve as a source of potassium. Furthermore, maximum ammonium
intercalation occurs at an optimum glauconite: nitrogen ratio of 4:1.
Ammonium intercalates in the smectite layers of mineral packages, so it
is necessary to understand the degree of glauconite structural order.

5. Conclusions

As a result of the investigations conducted on the activation of
globular glauconite and carbamide, the following conclusions were
obtained.

1. Nitrogen intercalation occurs in the interlayer spaces (micropores) of
smectite layers of glauconite. The proportion of intercalated nitrogen
increases to 8% as the nitrogen concentration in the initial solution
increases. A carbamide solution with 20% nitrogen concentration
allows for achieving maximum intercalation.

2. Absorbed carbamide in meso- and macropores is reflected in
increased specific surface area, decreased total volume, and average
pore size in nanocomposites.

3. Glauconite nanocomposites keep globular particle morphology and a
distinctive near-surface microlayer. The increased fraction of nitro-
gen in the surface microlayers shows its high filtration capacity. The
surface micro-layer performs a solute-supplying function for the core
part of glauconite globules.

4. The nanocomposites have a stepwise pattern of nutrient release,
confirming the different carbamide absorption in glauconite micro-,
meso-, and macropores. In addition, potassium, besides nitrogen
compounds, is leached out of glauconite nanocomposites in stages.
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